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HIGH POWER, LOW NOISE, SUPERFLOURESCENT DEVICE 
AND METHODS RELATED THERETO 

FIELD OF INVENTION 

The present invention relates to a method and device that produces a 

high power, broadband optical output, and more particularly to a device for 

producing a broadband polarized optical output with very low relative intensity 

5 noise (RIN). 

BACKGROUND OF THE INVENTION 

It is necessary and desirable in certain applications and circumstances 
to have the capability to produce superfluorescent light from a light source with 

10 very low relative intensity noise. Such applications for a superfluorescent 
source include fiber optic gyros for high precision air and sea navigation and 
strain sensing for any of a number of structures such as ships, airplanes, 
bridges, highways, or in general any civilian or military structure. 

The fluctuations in amplitude of conventional superfluorescent sources 

15 can cause relative intensity noise (RIN), which in turn degrades sensor 

performance. One approach for removing this type of noise is noise subtraction 
which requires a long fiber delay and has been shown to be insufficiently 
effective. See for example, Moeller, R.P. and Burns, W.K. 1.06-^iM all-fiber 
gyroscope with noise subtraction. Optics Letters 16(23), pages 1902-1904, 

20 1991. 

Other approaches to reduce noise in lasers in general include a "power 
stabilizer", which is a commercially used feedback approach that taps out part 
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of the beam and controls an electronically variable attenuator, through a servo 
controller, in the output beam. See Miller, P. and Hoyt, C. Turning Down Laser 
Noise with Power Stabilizers. Photonics Spectra, June 1986, pages 129-134. 
This approach has been used to reduce RIN at low frequencies in a diode 
5 pumped yttrium-aluminum-garnet (YAG) laser, where the variable attenuator 
was a bulk-optic, electro-optic modulator. See Dagenais, D.M. et al., Low- 
frequency Intensity Noise Reduction for Fiber-Optic Sensor Applications. Proc. 
OFS '92, #P26, pages 177-1180, Monterey, 1992. 

For waveguide sources where the output of the source is already in a 

10 fiber an appropriate electro-optic modulator can be used such as an integrated 
optical (IO) Mach Zehnder interferometer. This approach, however, is 
disadvantageous because of the excess loss to the modulator (typically -3 dB) 
and an additional loss (about -3 dB) to operate in the linear region of the 
modulator transfer curve (i.e., at quadrature). Another difficulty is polarization 

15 in that the output of the fiber superfluorescent source is unpolarized, while the 
IO interferometer has polarization dependent transfer and drive voltage 
characteristics. 

It would thus be desirable to provide new methods and devices that yield 
a high power, broadband optical/ light source with very low RIN. It would be 
20 particularly desirable to provide such a device and method that would yield 
such an optical source without a loss of insertion intensity and that can 
maintain a polarized state in comparison to prior art devices. Such devices 

FD.l 


preferably would be simple in construction and less costly than prior art devices 
and such methods would not require highly skilled users to utilize the device. 

SUMMARY OF THE INVENTION 

The present invention features a superfluorescent light producing device 
and a method for reducing relative intensity noise (RIN) in a superfluorescent 
light source that can provide a polarized optical output more particularly a 
broadband polarized optical output. A superfluorescent device/ source 
according to the present invention is particularly advantageous for applications 
such as high precision navigation and low noise strain sensing. In the present 
invention, the term broadband shall be understood to mean an output, more 
particularly an optical output, over a range of wavelengths and frequencies 
where the bandwidth of the range of wavelengths is about 20-50 nm more 
particularly about 20-40nm. 

A superfluorescent light producing device or source according to the 
present invention includes a seed source, a modulator and a polarization 
maintaining amplifier. The seed source includes a light source capable of 
producing a light or optical output at a preselected wavelength/ frequency and 
a first doped optical fiber that is doped with a preselected gain material and 
optically coupled to the light source. The first doped optical fiber, responsive to 
the light output from the light source, provides a broadband optical output 
over a range of pre-selected wavelengths and frequencies , this optical output 
comprises and is referred to hereinafter as the seed source optical input. 
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In more particular embodiments the seed source light source comprises a 
laser pump diode, the pre -selected gain material or dopant is one or more 
materials that provide an amplified spontaneous emission (ASE) or optical 
output at desired wavelengths and frequencies and the first doped optical fiber 
is optically coupled to the laser pump diode. In a more specific embodiment, 
the dopant is erbium, however, it is within the scope of the present invention 
for the dopant to include any rare-earth material, including but not limited to 
holmium, neodymium, praseodymium, and ytterbium. 

In an exemplary embodiment, the laser pump diode is configured so as to 
provide a light output at about 980nm and the first doped optical fiber is an 
erbium doped fiber. The 980nm light output from the light source is inputted 
to the erbium doped fiber so as to cause an ASE from the erbium doped fiber.. 
The ASE optical output from the erbium doped fiber provides an optical output 
at about 1550nm that is counter propagated towards the laser pump diode in 
the erbium doped fiber. 

The input of the modulator is operably and optically coupled to the seed 
source so as to receive the seed source optical input. The seed source optical 
input is processed within and selectively passed through the modulator so that 
a polarized optical output is provided therefrom. In specific embodiments, the 
modulator is an electro-optic modulator that also can modulate the polarized 
optical output. 

The output of the modulator is operably and optically coupled to the 
polarization maintaining (PM) amplifier so the polarized optical output from the 
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modulator is propagated to the PM amplifier. The PM amplifier, including the 
components making up such an amplifier, is configured and arranged so as to 
in effect amplify the polarized optical output from the modulator and to provide 
an amplified polarized optical output that can be used for a given application. 
5 This amplified polarized optical output comprises the optical output of the 
superfluorescent light producing device/source of the print invention. 

In an exemplary embodiment, the PM amplifier includes a beamsplitter, 
an amplification light source being capable of producing light at a preselected 
wavelength, a second doped optical fiber that is doped with a preselected gain 
10 material and a retro-reflecting orthogonal polarization converter that are 
operably and optically coupled to each other. As indicated above, these 
components are configured and arranged so as to in effect amplify the 
modulator's polarized optical output and to provide the amplified polarized 
optical output. 

15 In this exemplary embodiment, the beamsplitter is configured so that the 

polarized light from the modulator passes therethough and onto the second 
doped optical fiber. The amplification light source is disposed between the 
beamsplitter and the second doped optical fiber and injects light of a 
predetermined wavelength and frequency into the second doped optical fiber. 

20 The injected light from the amplification light source excites the rare-earth 
dopants in the second doped optical fiber such that an amplified broadband 
optical output is outputted by the second doped optical fiber. 
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The amplified broadband optical output from the second doped optical 
fiber is propagated to the retro-reflecting orthogonal polarization converter. The 
retro-reflecting orthogonal polarization converter reflects the amplified 
broadband optical output from the second doped optical fiber in an opposite 
5 direction and so the reflected amplified optical output is in an orthogonal 
polarization state (i.e., orthogonal with respect to the polarization state of the 
polarized optical output incident on the polarization converter. As the reflected 
amplified optical output passes back through the second doped optical fiber in 
the opposite direction, the reflected amplified output is further amplified.lt 

10 should be recognized that in an exemplary embodiment the reflected amplified 
optical output has a different orthogonal polarization than that characterizing 
the polarized optical output from the modulator. 

The retro-reflecting orthogonal polarization converter is optically coupled 
to the beam splitter such that this reflected amplified optical output in the 

15 orthogonal polarization state is inputted to the beamsplitter. The beamsplitter 
also is configured so that the reflected amplified optical output having the 
orthogonal polarization state is directed into another optical pathway. The 
. another optical pathway is arranged so as to be at an angle (for example 90°) 
with respect to the optical pathway that inputs the polarized optical output 

20 from the modulator to the beamsplitter. The reflected amplified polarized 

optical output being outputted by the beamsplitter comprises the polarized light 
or polarized, amplified optical output of the superfluorescent light producing 
device/ source of the present invention. 
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In a particular embodiment, the amplification light source is a laser 
pump diode, the second doped optical fiber is a doubleclad rare -earth doped 
optical fiber and the retro-reflector is a Faraday mirror, more particularly a 
Faraday rotator mirror. In a specific embodiment, the rare-earth dopants are 
5 erbium and yetterbium, however, it within the scope of the present invention for 
other rare-earth materials, alone or in combination, to be utilized to dope the 
optical fiber. 

In the foregoing, it is provided that components making up the seed 
source and PM amplifier are optically coupled as well as that the seed source, 

10 the modulator and PM amplifier are optically coupled to each other. It is within 
the scope of the present invention for any mechanism, device or material known 
in the art for accomplishing such optical coupling or interconnecting to be used 
or adapted for use with the superfluorescent light producing device/ source of 
the present invention. In an exemplary embodiment, optical coupling is 

15 accomplished using an optical fiber such as a polarization maintaining optical 
fiber. 

The superfluorescent light producing device/ source according to the 
present invention further includes a control mechanism that automatically 
adjusts or modulates the polarized optical output from the modulator thereby 
20 modulating the amplified polarized optical output from the superfluorescent 

source to a desired value. More particularly, a portion of the reflected amplified 
polarized optical output from the beamsplitter is tapped-off and used to control 
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the modulator by means of a feedback loop, more particularly to control the 
transmission of the modulator by means of the feedback loop. 

In an exemplary embodiment, the feedback loop includes a detector and 
a noise feedback amplifier. The removed portion is converted into an electrical 
5 signal by the detector, which electrical signal is proportional to the intensity of 
the reflected amplified polarized optical output. This electrical signal is fedback 
to the modulator via the noise feedback amplifier thereby controlling the 
transmissivity of the modulator. In this way, amplitude fluctuations or relative 
yy intensity noise (RIN) in the reflected amplified polarized optical output that can 

01 10 be attributable to any one of a number of causes can be minimized 
nJ automatically by the superfluorescent light producing device/ source of the 

present invention. 

m Other aspects and embodiments of the invention are discussed below. 

: TP? 

O 15 . BRIEF DESCRIPTION OF THE DRAWING 

For a fuller understanding of the nature and desired objects of the 
present invention, reference is made to the following detailed description taken 
in conjunction with accompanying drawing figures wherein like reference 
character denote corresponding parts throughout the several views wherein: 
20 FIG. 1 is a block diagram of a superfluorescent light producing device or 

source according to the present invention; 

FIG. 2 is a graph showing the broadband optical outputs of an exemplary 
seed source and polarization maintaining amplifier; 
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FIG. 3 is a graph showing the frequency response of RIN, with and 
without a feedback circuit being implemented, where the frequency response of 
the detector has been normalized out; and 

FIG. 4 is an exploded view of the data from figure 3 plotted to 200 kHz. 

5 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring now to the various figures of the drawing wherein like reference 
characters refer to like parts, there is shown in FIG. 1 a high-power, low noise 
superfluorescent source 10 including a seed source 20, a modulator 40 and 

10 polarizing maintaining (PM) amplifier 50. The seed source 20, modulator 40 
and PM amplifier 50 are operably and optically connected or coupled together 
such that one end of the modulator is coupled to the seed source and the other 
end of the modulator is coupled to the PM amplifier. 

In an illustrative embodiment, the components of the superfluorescent 

15 source 10 are operably and optically coupled by an optical fiber 30, for example 
a polarizing maintaining optical fiber. The optical fiber 30 can comprise one or 
more sections of an optical fiber material that are joined together by an optical 
splice (the "X" on FIG. 1) or other means as known to those skilled in the art. 
As to the illustrated bare ends of the optical fiber 30, such ends are typically 

20 cleaved at an angle so as to minimize optical reflection or lasing therefrom. In 
FIG. 1 reference numeral 30 is used to generally identify an optical fiber for 
optically coupling components of the present invention, however, when 
reference is being made to a specific optical fiber that is optically coupled to a 
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specific component(s) then the reference numeral will further include an' alpha 
character so as to uniquely identify this fiber in FIG. 1 and the following. 

Before providing a more detailed description of the superfluorescent 
source 10, including the components or features thereof, the overall operation 
5 of such a superfluorescent source including the general function of the 

components thereof is first discussed. The seed source 20 generates a optical 
signal or light output that is generally characterized as being broadband having 
a range of pre-selected wavelengths/ frequencies and as having no particular 
polarization state. This light output, hereinafter the seed source optical input, 
10 is fed to the modulator 40. Although the optical signal or light is considered 
broadband it is common practice to characterize or describe a broadband 
output by referring to a specific wavelength or frequency being outputted within 
the range. 

The modulator 40 processes the seed source optical input and outputs a 
15 portion of the seed source optical input therefrom. More particularly, the seed 
source optical input is processed such that only that portion of the optical input 
which has a particular polarized state is outputted from the modulator 40. For 
example, the modulator 40 passes the seed source optical input that is 
horizontally polarized and blocks the seed source optical input having a vertical 
20 polarization state. 

In more particular embodiments, the modulator 40 also is configured to 
modulate the optical output from the modulator so that only a part of the seed 
source optical input having a particular polarized state is passed through the 
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modulator. For example, the modulator passes only 50% of the horizontally 
polarized seed source light and in effect blocks the other 50% along with 
vertically polarized seed source light. As discussed below, this modulation 
provides a mechanism by which the modulator 40 can reduce the amount of 
5 amplitude fluctuation or noise in the superfluorescent light or the optical 
output 70 of the superfluorescent source 10. 

The polarized optical output from the modulator 40 is fed to the PM 
amplifier 50. The PM amplifier 50 increases the intensity of the polarized 
optical output from the modulator 40 and provides an amplified polarized 

10 optical output therefrom. This amplified polarized optical output also is 

maintained in a polarized state, although it can be a different polarized state 
(e.g., orthogonal) than that which characterizes the modulator optical output. 

A small part of the amplified polarized optical output from the PM 
amplifier 50 is preferably tapped or drawn off, which part is representative of 

15 the intensity of the amplified polarized optical signal. This small part is 

inputted to a feedback loop 110 that in turn generates a feedback control signal 
to the modulator 40. The modulator 40^ responsive to the feedback control 
signal adjusts the amount of the seed source optical input having a particular 
polarized state that is to be outputted by and passed through the modulator. 

20 The amplified polarized optical output less the small part tapped off comprises 
the superfluorescent light or optical output 70 of the superfluorescent source 
10. 
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As indicated above, and with particular reference to FIG. 1; the 
superfluorescent source 10 of the present invention includes the seed source 
20, modulator 40 and PM amplifier 50, the details of which are as follows. The 
seed source 20 includes a light source 22 that is configured to produce a light 
5 at a preselected wavelength and a first doped optical fiber 28 that is operably 
and optically coupled to the light source. The light source 22 is a pump diode 
as is known to those skilled in the art that is capable of providing an optical 
output having a pre-selected wavelength in, for example, the visible, infrared, or 
;2 ultraviolet light spectral regions. This, however, shall not be construed as a 

^ 10 limitation, as any source capable of producing an optical output at or about a 
SI pre-selected wavelength can be used consistent with the capability of this 

J j optical output to excite the first doped optical fiber 28 as hereinafter described. 

q The first doped optical fiber 28 is an optical fiber that is doped with a 

m pre-selected gain material or dopant. The pre-selected gain material is any 

q 15 material known in the art that is capable of producing an amplified 

spontaneous emission (ASE) over a desired range of wavelengths responsive to 
the light outputted from the light source 22. As is known to those skilled in the 
art, the light from the light source 22 is absorbed by the gain medium, i.e., the 
first doped optical fiber 28,, to produce the ASE and this is what creates the 
20 gain. In specific embodiments, the pre-selected gain material includes one or 
more rare-earth elements such as erbium, holmium, neodymium, 
praseodymium and ytterbium, for example. The wavelength of the ASE for a 
doped optical fiber varies depending upon the dopant or pre-selected gain 
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material being used. For example, a ytterbium doped optical fiber will emit 
light at about 1050 nm and an erbium doped fiber will emit light at about 1550 
nm. 

In a particular exemplary embodiment, the light source 22 is a pump 
5 diode emitting light at about 980 nm, typically a narrow band output at about 
980nm, and the pre-selected gain material or dopant for the first doped optical 
fiber 28 is erbium. In such a case, the erbium doped optical fiber produces an 
ASE at about 1550nm responsive to the 980nm light from the light source. 
Also, the ASE from the first doped optical fiber 22 is counter propagated in the 

10 first doped optical fiber, in other words propagated in a direction that is 
opposite to that in which the light from the light source 22 is injected or 
launched in the first doped optical fiber. 

In the illustrated embodiment, the first doped optical fiber 20 also is 
formed in a continuous loop to provide a sufficient length of the first doped 

15 optical fiber while proving a relatively compact structure. It is within the scope 
of the present invention, however, for the first doped optical fiber to be arranged 
in any geometric configuration and/ or optical configuration adaptable for use 
in accordance with the teachings of the present invention. In an exemplary 
embodiment, the first doped optical fiber 20 is formed in a continuous 

20 serpentine loop having an overall or total length in the range of 5-10 m. 

In more particular embodiments, the seed source 20 also includes a 
wavelength division multiplexer (WDM) coupler 24, the WDM coupler 24 is 
operably and optically connected to the light source 22, the first doped optical 
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fiber 28 and an isolator 32. The WDM coupler 24 is configured and arranged so 
that the light outputted by the light source 22 is propagated directly to the first 
doped optical fiber 28 and so that the counter propagating ASE from the first 
doped optical fiber 28 is passed onto or cross-coupled to another optical fiber 
5 30a that optically couples the WDM coupler to the isolator 32. Although a 

WDM coupler 24 is illustrated this is not a limitation as it is within the scope of 
the present invention to use any type of coupler which is capable of cross 
coupling, or transferring, an optical signal from one optical fiber to another 
optical fiber. 

10 The isolator 32 is configured so as to allow the optical output from the 

WDM coupler 24 to propagate therethrough and to block counter propagating 
optical signals and the like of the superfluorescent source 10 from being 
feedback into the seed source 20. In this regard, it is within the scope of the 
present invention to use any of a number of optical isolators as are known in 

15 the art in the present invention used. The optical output from the isolator 32 
comprises the seed source optical input. 

The modulator 40, as indicated above, is configured to process the seed 
source optical input and to provide a polarized optical output therefrom that is 
characterized by having a particular polarized state, for example, all the optical 

20 output therefrom is in a horizontally polarized state. In an exemplary 

embodiment the modulator 40 is an electro-optic LiNbCh modulator, however 
this is not meant to be limiting, as any type of instrument capable of polarizing 
light can be adapted for use in the superfluorescent source 10 of the present 
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invention. In a more particular embodiment, the LiNbCb modulator is a proton 
exchanged LiNbCb Mach Zehnder interferometer. The seed source optical input 
from the isolator 32 is propagated to the modulator 40 by means of an 
interconnecting optical fiber 30. 
5 In addition to providing a polarized optical output, and as also indicated 

above, the modulator 40 is further configured to modulate the amount of 
polarized optical output being outputted therefrom. Specifically, the amount of 
the seed source optical input having the particular polarized state, which is 
allowed to pass through the modulator 40 is controlled by appropriately 

10 adjusting the voltage being applied to the electrodes that are connected to the 
LiNbCb crystal. In an exemplary embodiment, the modulator 40 is configured 
so the modulator 40 outputs approximately one -half of the seed source optical 
input having the particular polarized state. 

The PM amplifier 50, as indicated above, is configured so as to increase 

15 the intensity of the polarized optical output from the modulator 40 and to 
provide an amplified polarized optical output therefrom. As also indicated 
above, this polarized optical output from the modulator 40 is propagated via an 
optical fiber 30 to the PM amplifier 50. 

In an exemplary embodiment the PM amplifier 50 includes a beamsplitter 

20 52, an amplifier light source 54 that produces light at a preselected wavelength, 
a second doped optical fiber 60 that is doped with another preselected gain 
material and a retro-reflecting orthogonal polarization converter 62. As 
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indicated above, and described in the following, these components of the PM 
amplifier 50 are operably and optically coupled by means of optical fibers 30. 

The beamsplitter 52 is any one of a number of devices known in the art 
that is configured and arranged so the polarized optical output from the 
modulator 40 that has the particular polarized state and being propagated in a 
first optical pathway to the beamsplitter 52 passes through the beamsplitter 
and so the counter-propagating orthogonally polarized amplified optical output 
from the PM amplifier 50, is directed to exit the beam splitter into a second 
optical pathway. In the illustrated embodiment, the second optical pathway is 
generally perpendicular (e.g., at a 90° angle) to the first optical pathway. . In 
an exemplary embodiment, the beamsplitter 52 is a polarizing beamsplitter as 
is known to those skilled in the art. 

Although the counter-propagating, amplified polarized optical output of 
the PM amplifier 50 is illustrated in FIG. 1 as leaving or exiting the beamsplitter 
52 into the second optical pathway generally perpendicular to the direction of 
the polarized optical output from the modulator 40 this is not a limitation as it 
is within the scope of the present invention for the amplified polarized optical 
output to exit the beamsplitter at any angle, other than parallel, with respect to 
the direction of the polarized optical output from the modulator 40. 

The polarized optical output from the modulator 40, passing through the 
beamsplitter 52 is inputted into the optical signal amplification portion of the 
PM amplifier that includes an amplification light source 54 and a second doped 
optical fiber 60. The light from the amplification light source 54 is injected into 
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an optical fiber using any of a number of techniques known to those skilled in 
the art. One such technique is illustrated in FIG. 1, wherein the light from the 
amplification light source is injected or launched through the side of an optical 
fiber thus leaving the ends of the fiber accessible for input and output coupling. 

In a more specific embodiment of this technique, a v-groove or a micro- 
prism is formed, machined or otherwise provided in the side of the optical fiber, 
as is known in the art and appropriate for the intended use, so as to form a V- 
grooved optical fiber 56. The light emerging from the amplifier light source 54 
propagates laterally through the fiber and impinges on the sides of the groove. 
The vertical rays impinging on the facets of the groove are reflected and directed 
along the horizontal axis of the fiber, in a double clad fiber, along the horizontal 
fiber axis of the outer core. Reference shall be made to USP 5,854,865, the 
teachings of which are incorporated herein by reference, as to further details 
regarding the construction and arrangement of the V-grooved optical fiber 56. 
See also Goldberg, L. et al., V-groove side-pumped 1.5-jaM fiber amplifier. Proc. 
CLEO -96 volume 9, pages 208-209, paper CtuUl, 1996, the teachings of which 
are incorporated herein by reference. 

The amplification light source 54 is configured to produce a light at a 
pre-selected wavelength, more specifically a wavelength that results in an ASE 
when the light of the pre-selected wavelength is injected or launched into the 
second doped optical fiber 60. In an exemplary embodiment, the amplification 
light source 54 is a pump diode as is known to those skilled in the art that is 
capable of outputting an optical output having a pre-selected wavelength in, for 
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example, the visible, infrared, or ultraviolet light spectral regions. This, 
however, shall not be construed as a limitation, as any source capable of 
producing an optical input at a defined wavelength can be used. 

The light injected into the V-grooved optical fiber 56 from the 
5 amplification light source 54, along with the polarized optical output from the 
modulator 40 passing through the beamsplitter 52, propagates through the V- 
grooved^ptical fiber into the second doped optical fiber 60. In an exemplary 
embodiment, the second doped optical fiber 60 is a doubleclad optical fiber that 
y is doped with a pre -selected gain material or dopant. 

]|? 10 The pre-selected gain material is any material known in the art that can 

~ : produce amplifier gain at a desired wavelength responsive to the light being 

T: outputted from the amplification light source 54 as well as increasing the 

intensity of the polarized light being outputted by the modulator 40. In specific 
— embodiments, the pre-selected gain material includes one or more rare-earth 

S 15 elements such as erbium, holmium, neodymium, praseodymium and ytterbium, 
for example. The rare-earth dopant in the second doped optical fiber 60 should 
be selected so as to generally correspond to the dopant in the first doped optical 
fiber 28 fiber of the seed source 20 such that the fiber gain of the second doped 
optical fiber 60 provides gain for the optical output from the modulator 40 and 
20 thus also the optical output from the seed source 20. 

In a particular exemplary embodiment, the amplification light source 54 
is a pump diode emitting light at about 980 nm and the pre-selected gain 
material or dopant for the second doped optical fiber 60 is a combination of 
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erbium and ytterbium, where erbium is the principal dopant. In such a case, 
the second doped optical fiber produces an optical broadband output at about 
1550nm responsive to the 980nm light from the amplification light source 
thereby amplifying the polarized light from the modulator 40. The amplified 
5 polarized light from the modulator 40 is propagated through the second doped 
optical fiber 60 towards the retro-reflecting orthogonal polarization converter 
62. 

In the illustrated embodiment, the second doped optical fiber 60 also is 
formed in a continuous loop to provide a sufficient length of the second doped 

10 optical fiber for producing the desired amplifier gain while providing a relatively 
compact structure. It is within the scope of the present invention for the 
second doped optical fiber 60 to be arranged in any geometric configuration 
and/ or optical configuration adaptable for use in accordance with the 
teachings of the present invention. In an exemplary embodiment, the second 

15 doped optical fiber 60 is formed in a continuous serpentine loop having an 
overall or total length in the range of 5- 10m. 

The amplified optical signal or output exiting the second doped optical 
fiber 60 is then propagated to the retro-reflecting orthogonal polarization 
converter 62, which reflects this amplified optical output such that it is-counter 

20 propagates back through the second doped optical fiber. In addition to 
reversing the direction of propagation, the retro-reflecting orthogonal 
polarization converter 62 also reflects the amplified optical output in an 
orthogonally polarized state. In particular, the retro-reflecting orthogonal 


FD.l 


20 

polarization converter 62 reflects the amplified optical output such that it is in 
an orthogonal polarization state different from that of the polarization state of 
the optical output from the modulator 40. 

In a specific exemplary embodiment the retro-reflecting polarization 
5 converter 62 is a Faraday mirror retro-reflector as is taught and disclosed in 
USP 5,303,314, the teachings of which are incorporated herein by reference. 
See also Duling, I.N. and Esman, R.D. Single-Polarisation Fiber Amplifier. 
Electronics Letters 28(12), pages 1 126-1128, 1992, the teachings of which are 
incorporated herein by reference, which discloses a Faraday mirror including a 

10 45° Faraday rotator and a conventional mirror. This specific exemplary 

embodiment, however, shall not be construed as a limitation as it is within the 
scope of the present invention for any type of device that is capable of reflecting 
the light in an orthogonal polarization state can be adapted for use in the 
superfluorescent source 10 according to the present invention. 

15 The reflected amplified polarized optical output counter-propagates back 

through the second doped fiber 60 and through the V-grooved optical fiber 56 to 
the beamsplitter 52. As the reflected amplified polarized optical ouput counter 
propagates back through the second doped optical fiber 60, this optical output 
or signal is further or additionally amplified on its second pass through the 

20 second doped optical fiber. As indicated above, the reflected amplified polarized 
optical output corresponds to the light exiting the beamsplitter 52 into the 
second optical pathway. According to one aspect or embodiment of the present 
invention, the reflected amplified polarized optical output light from the 
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beamsplitter 52 comprises the optical output 70 of the superfluorescent source 
10. 

In a particularly preferred embodiment, the PM amplifier 50 is operated 
at saturation. Such a configuration for the superfluorescent source 10 provides 
5 a mechanism that significantly reduces relative intensity noise (RIN) without a 
consequent decrease in the power or intensity of the optical output 70 of the 
superfluorescent source 10. In a specific embodiment, such a configuration 
yields a high power, broadband superfluorescent light source, for example 
having a power output up to approximately 100 mW, in which RIN is reduced 

10 by, for example 2-3 orders of magnitude, at low frequencies, for example less 
than 1,000 kHz as compared to the prior art. The RIN is preferably reduced 
into the MHz range. In contrast to the present invention, prior art techniques 
to reduce RIN have tended to reduce RIN at the expense of greatly reduced 
power output or limiting the bandwidth, for example less than 100 kHz, over 

15 which the RIN reduction occurred. 

According to a second aspect of the present invention the 
superfluorescent source 10 further includes a control mechanism that is 
configured and arranged so as to automatically adjust or modulate the 
polarized optical output from the modulator 40 thereby adjusting or modulating 

20 the optical output 70 of the superfluorescent source to a desired value. In this 
way, fluctuations in the optical output 70 due to RIN and component 
degradation because of aging, for example, and other amplified fluctuations are 
automatically compensated for by the control mechanism. 
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In an exemplary embodiment, and as illustrated in FIG. 1, the control 
mechanism includes a polarization maintaining (PM) optical tap 80 and a 
feedback loop 110 that are operably and optically interconnected to each other 
by means of a polarization maintaining optical fiber 100. The PM optical tap 80 
is any of a number of devices or couplers known in the art that cross couple or 
transfer an optical signal from one optical fiber to another optical fiber. The PM 
optical tap 80 is more particularly configured so a portion of the polarized 
amplified polarized optical output from the PM amplifier 50, as it passes 
through the PM optical tap 80 (tapped-off portion), is re-directed (e.g., tapped 
off or sampled) into the polarization maintaining fiber 100 and inputted into the 
feedback loop 1 10. The tapped-off portion, is representative of the intensity of 
the amplified polarized optical output from the PM amplifier 50. 

The feedback loop 110 includes a detector 112 and a feedback loop 
amplifier 114 that are electrically interconnected to each other. The detector 
1 12 is optically and operably connected to the polarization maintaining fiber 
100 so that the tapped-off portion of the amplified polarized optical output from 
the PM tap 80 is inputted to the detector. The detector 1 12 is any of a number 
of optical detection devices known in the art that converts an inputted optical 
signal or light into an electrical signal or voltage, that is proportional to the 
intensity of the detected optical signal or light as well as the intensity of the 
main beam from which the portion is tapped off. Thus, in the present invention 
the detector 112 outputs an electrical signal or voltage to the feedback loop 
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amplifier 114, that is representative of the intensity of the amplified polarized 
optical output exiting the PM amplifier 50. 

In the illustrated embodiment the feedback loop amplifier 1 14 is a noise 
feedback AC amplifier, however, this is not a limitation as it is within the scope 
5 of the present invention to use other amplifiers known in the art that are 

. adaptable for use in the present invention. The electrical signal or voltage that 
is representative of the intensity of the amplified optical output from the 
detector 1 12 is appropriately amplified by the feedback loop amplifier 1 14 so as 
to provide an electrical control signal to the modulator 40 that adjusts or 

10 modulates the optical signal transmissivity of the modulator. 

The detector 112 and amplifier 114 making up the feedback loop 110 
serve as a mechanism to monitor the amplified polarized output from the PM 
amplifier 50 and to reduce the noise in the optical output 70 as well as to 
reduce or compensate for amplitude variations in this output that arise for any 

15 of a number of other reasons such as those attributable to age related 

component degradation. For example, if the intensity or power of the amplified 
polarized optical output increases beyond a desired value, the tapped-off 
portion will be at a correspondingly higher intensity. Consequently, the 
detector 112 and feedback loop amplifier 114 will output an electrical control 

20 signal or voltage to the modulator 40 that in turn decreases the optical signal 
transmissivity of the modulator 40, thus also decreasing the intensity or power 
of the optical output 70. 
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In the case of an electro-optic modulator, the feedback amplifier 114 
outputs an electrical signal or voltage to the electro-optic modulator that 
adjusts the voltage being applied to the crystal therein, thereby adjusting the 
transmissivity of the crystal. Thus, for example, if the intensity or power of the 
5 amplified optical output from the beamsplitter increased from a desired value 
then the feedback loop 110 would adjust the voltage being applied to the crystal 
within the modulator 40 so as decrease the amount of light being transmitted 
through the crystal, consequently causing a decrease in the power or intensity 
of the optical output 70. In sum, the feedback loop 1 10 provides a mechanism 

10 to control noise in the optical output 70 and to control power fluctuations by 
directly adjusting or modulating the transmissisivity of the modulator 40. 

In an exemplary embodiment, the PM optical tap 80 is configured so that 
approximately 5% of the amplified polarized optical output from the PM 
amplifier 50 is tapped off and inputted to the feedback loop 110. This 

15 percentage, however, is not a limitation and any percentage can be tapped as is 
necessary to achieve the appropriate feedback response. Additionally, the 
transmissivity of the modulator 40 is adjusted so that normal operation of the 
modulator lies within a linear operational band of the modulator. In an 
exemplary embodiment for an electro-optic modulator, the voltage being applied 

20 to the crystal within the modulator is set so that approximately one-half of the 
light inputted to the modulator having the particular polarized state is passed 
through the modulator when the polarized amplified optical output from the PM 
amplifier 50 is at the desired value. In this way, the optical output from an 
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electro-optic modulator varies about the one-half transmissivity value 
responsive to power fluctuations and/ or noise in the polarized amplified optical 
output. 

The foregoing shall not be particularly limiting as to the selection of the 
transmissivity operating point for the modulator 40, as other operational points 
are contemplated for use in the present invention even though the 
transmissivity characteristic may not exhibit linearity at or about these points. 
For example, the modulator 40 can be operated closer to the point of maximum 
transmission or operated above the quadrature point (1/2 power transmitted). 
In a particular configuration of the present invention and when the PM tap 80 
is configured to tap-off approximately 5% (i.e;, tapping off approximately 3.4 
mW) and when the modulator is operated above quadrature, the total 
modulator insertion loss is reduced by 1 dB. 

There is shown in FIGS. 2-4 optical outputs and RIN reductions for the 
high power, low noise superfluorescent source 10 of FIG. 1. Referring now to 
FIG. 2, there is shown the broadband optical outputs of the seed source 20 and 
the PM amplifier 50. As shown therein, with a 254 mA drive current to the 
pump diode comprising the seed source light source 22, the optical output from 
the seed source 20 has a bandwidth of 32 nm and an output power into the 
modulator 40 of approximately 20 mW. As also shown therein, with a 2.8 A 
drive current to the pump diode comprising the amplifier light source 54, the 
polarized amplified optical output of the PM amplifier 50 has an output 
bandwidth of 26 nm and an output power of approximately 67 mW. 
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The Relative intensity noise (RIN) reduction of the present invention is 
illustrated in FIG. 3, which shows the frequency dependence of RIN with and 
without a feedback circuit being implemented in the superfluoescent source 10 
of the present invention. As seen therein, at frequencies less than 1.7 MHz, RIN 
is significantly decreased by the inclusion of a feedback loop in the 
superfluorescent source 10. This is particularly advantageous for most gyro- 
optic applications because such applications typically utilize frequencies below 
1 MHz. 

There is shown in FIG. 4 an exploded view of the data from FIG. 3 plotted 
to 200 kHz, which is the primary region of interest for fiber gyros. The 
maximum RIN improvement at low frequencies (20 kHz) is approximately 28 dB, 
with improvement persisting to 1.75 MHz. 

Although a preferred embodiment of the invention has been described 
using specific terms, such description is for illustrative purposes only, and it is 
to be understood that changes and variations may be made without departing 
from the spirit or scope of the following claims. 
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